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Introduction 
 The introduction of invasive species can have considerable effects on an 
ecosystem, which often results in the loss of native species due to competition and 
predation. This situation may be occurring on the island of Kauai in the North Pacific 
Ocean. The invasive species, the black rat (Rattus rattus), was introduced to Kauai 
approximately 230 years ago when the European settlers arrived to the island (Shiels, 
2011). Since the arrival of rats on Kauai, seabird populations have declined and black rat 
predation on seabirds has been documented throughout the island. Previous studies have 
documented consequences of invasive rats, for example on the Shiant Islands of Scotland. 
Black rats (Rattus rattus) were shown to consume seabirds on the island, especially 
during the nesting periods (Stapp, 2002). The black rats on Kauai are believed to act in a 
similar manner to the rats on the Shiant Islands. Rats have been observed consuming 
seabird chicks and based on monitoring of active seabird nesting sites, conservation 
managers believe that the black rats prey primarily on the young seabirds with a few 
predation events on the eggs of seabirds that nest close to or on the ground (Raine 2016). 
For this study I used stable isotopes of carbon, nitrogen and sulfur to study black rat 
predation on the federally endangered Hawaiian petrel (Pterodroma sandwichensis) and 
threatened Newell’s shearwater (Puffinus auricularis newelli). Stable isotopes of carbon, 
nitrogen and sulfur in black rat tissues (whiskers) reflect the terrestrial versus marine 
origin of these elements and the diet of the individual rat during the period of whisker 
growth (Ibrahim 1982).  Using isotopes as a proxy for diet, I tested the hypothesis that 
seabirds compose a significant portion of black rat diet on the island of Kauai. 
 
 Differentiating between Marine vs. Terrestrial Diets using Stable Isotope Analysis  
An organism’s diet can be studied by analyzing the stable isotopic composition of 
their tissues. This is because the prey of the organism gets metabolized and incorporated 
into their tissues once consumed, and many prey have distinct stable isotopic 
compositions. The assimilation of the prey into continuously tissues such as hair creates a 
timeline of food choices that can be analyzed with stable isotope analysis (del Rio, 2015). 
In this study I used stable isotopes (d34S, d13C, and d15N) to analyze the diet of the 
black rats. The d notation of the isotopes were calculated using the following equation:  
𝑑𝑋 = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒
𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) 𝑥 1000 
The X represents the heavy isotope of the element that is being studied (13C, 15N, or 34S) 
and the R represents the heavy/light isotope ratio (e.g. 13C/12C). The multiplication by 
1000 helps to make the difference between the sample and standard evident and results in 
the delta value being expressed as per mil (‰)  (Fry 2006). 
 
d34S, d13C, and d15N were chosen in order to analyze whether the rat’s diet was 
marine derived or terrestrial derived, because marine and terrestrial food webs differ 
substantially in the ratio of carbon, nitrogen and sulfur isotopes. Organisms that feed on a 
marine diet will have tissues with higher carbon isotope values (i.e. containing more of 
the rare isotope 13C) compared to organisms that feed on terrestrial diets. For example, 
Richards 2009 found that organisms that feed on a marine diet have an d13C of -12 ± 1‰, 
while organisms that feed on a terrestrial diet have an d13C of -20 ± 2‰. 
 Similar to carbon, sulfur also has a higher isotope value in marine organisms. The 
ocean contains sulfate, which has a mean d34S value of about 20‰. As a result, an 
organism that has a marine based diet will usually have a sulfur isotope value equal to or 
greater than 14‰. This exceeds the sulfur isotope values found in most terrestrial 
organisms (typically around 5-10‰)(Britton 2016). 
Additionally, I analyzed nitrogen isotope values of rat whiskers, which vary 
between marine and terrestrial food webs but also increase with trophic position (Stapp 
2002). This means that if the diet of an organism is mostly carnivorous, the nitrogen 
isotope value of its tissues will be higher than in the tissues of an herbivorous animal 
from the same food web (Szpak 2012).  
Hawaiian seabirds feed exclusively on marine foods and isotope ratios in their 
tissues reflect this marine diet.  Tissues of rats that prey on the seabirds should reflect 
assimilation of marine derived nutrients and have higher d13C, d34S, and d15N compared 
to individual rats consuming purely terrestrial diet. Assuming there is no other source of 
marine derived nutrients into the habitat, all other potential rat diet items on Kauai (e.g. 
seeds, insects) should have isotope ratios typical of terrestrial food webs. Therefore, 
examining carbon and sulfur isotope ratios in rat tissues can be used to determine if the 
rats have consumed seabirds (Hobson 1999, Stapp 2002). However, it is possible that the 
black rats could derive their marine nutrients indirectly through their diet. For example, 
rats could have ingested plants that assimilated seabird excrement-derived N into their 
tissues or insects that had consumed decaying carcasses of seabirds. Nevertheless, the 
tissues of such rats should show lower isotope values, indicative of lower levels of 
marine derived nutrients than in rats consuming seabirds.  Importantly, the indirect 
consumption of marine-derived nutrients (through diet other than seabirds) can be 
estimated using rats present on seabird breeding colonies after seabird nestlings have 
departed.  
 
 
Methods 
Rat samples for this study came from the Kauai Endangered Seabird Recovery 
Program (KESRP) and were collected around colonies of seabirds by the KESRP 
predator control team. Specifically, my samples derive from two main locations on 
Kauai: Pihea and Pohakea.  Rat whiskers were collected from deceased rats by plucking 
the whiskers from their face. On average, rat whiskers grow about 1.5 mm per day 
(Ibrahim 1982). The rat whiskers will grow for a period of 4 weeks until they stop their 
growth and fall out 2 weeks afterwards. By selecting rat whiskers with straight tip ends 
(still growing whiskers) and avoiding any whiskers with clubbed ends (finished growing 
whiskers) (Figure 1), I am able to accurately calculate the time period the whisker or its 
segments represent.  This allows me to study rat diet over a specific period of time: up to 
four weeks before the recorded date of rat death (Ibrahim 1982).  
 Figure 1. The image depicts the different proximal ends of the black rat’s whiskers. On 
the left is the straight tipped whisker, which was actively growing at the time of the rat’s 
death, and on the right is the club tipped whisker, which ceased growth at an unknown 
point before the rat’s death. 
 
I examined the black rat whiskers from the time period of August of 2016 to 
March of 2017. This time period allows a comparison between when there are seabird 
nestlings in my study sites versus when there are not any nestlings (or other seabirds) 
present (see Table 1). 
 
 
Table 1. This table shows the time period throughout the year that the Hawaiian petrels 
and Newell’s shearwaters come to Kauai for their breeding season. The Kauai 
Endangered Seabird Recovery Program collected these data (personal communication, 
Dr. Andre Raine).  
 
To cleanse the whiskers, I placed them in Chloroform: Methanol 87:13 by volume 
(keeping all whiskers from an individual rat separated from other rat whiskers) and then 
dried them for 24 hours. From each rat, one straight tipped whisker was selected that 
weighed around 0.5 mg. The weight of each whisker was recorded and then each 
individual whisker was placed in its entirety into a tin cup. The whiskers were then 
analyzed for their isotopic ratios on a stable isotope mass spectrometer (Isoprime 100) 
interfaced to an elemental analyzer (Vario PYRO Cube). For reference, a collection of 
muscle samples of Kauai Hawaiian petrel and Newell’s shearwater were analyzed. These 
samples had been lipid extracted and ground into a fine powder. They were analyzed for 
their isotopic ratio in the same manner as rat whiskers.  
I also noted data from previous studies about organisms that contained a more 
terrestrial diet and would be lower on the food web on Kauai. One such organism was the 
green coffee bean plant on Kauai. Researchers had collected data from two sites on 
Kauai, Eleele and Kapahi, and found their isotope values to have a mean of -26.65‰ for 
d13C and 1.95‰ for d15N (Rodrigues, 2011). Similarly, an orchid, Aneoctochilus 
sandvicensis, located in the Kahili Ridge, Kauai had a mean d13C and d15N of -30.8‰ 
and 2.9‰, respectively (Hynson, 2016).  
 
 
 
Statistical Analysis  
 In order to evaluate and interpret my data, I used the statistical analysis program 
called JMP. Specifically, I used multiple box plots and equal variance T-tests to compare 
stable isotope values (d13C, d15N, and d34S) when nestlings were present versus not 
present on Kauai. I also created two scatter plots in order to compare isotope values 
against each other and to view rat isotope values throughout the year.  Lastly, I utilized a 
mixing model in order to estimate the probability of seabird consumption by rats. This 
model was only based on d13C, because d13C should be a more direct tracer of seabird 
consumption than either d15N or d34S. Marine-derived N can enter the Kauai food web 
at many trophic levels, including trophic level 1 (primary producers), and d15N values 
increase with trophic level. While d34S are faithful indicators of marine-derived sulfur, 
there can be considerable transport of marine sulfur to island ecosystems, independent of 
seabirds (Bern 2015). 
 
Results  
Significance of d15N, d13C, and d34S 
The mean stable carbon and sulfur isotopes values of the black rat whiskers were 
not significantly different between the periods of nestlings being present and nestlings not 
being present. This was confirmed by using a T-test that assumes equal variances. The T-
test of d34S shows a p-value of 0.91, DF of 41, and standard error of 0.38. The T-test of 
d13C shows a p-value of 0.07 (near-significance), DF of 41, and standard error of 0.32 
(see Figures 2 and 3). 
However, the stable nitrogen isotope values of the black rat whiskers did show a 
significant difference between the two periods. My T-test for nitrogen isotope values 
showed a p-value of 0.0070 (DF was 41, and standard error difference was 0.46).  During 
the time when the nestlings were present, the black rat whiskers showed a mean d15N of 
3.17‰, minimum of 1.2‰, and maximum of 5.78‰. The mean decreased to 1.87 ‰ 
during the period with no nestlings present. The minimum was -1.3‰ and maximum was 
5.88‰ (Figure 4).  
 
 
 
 
Figure 2. A box plot of the d13C values of black rat whiskers from times of nestling 
exposure (denoted as nestling) versus no nestling or seabird exposure (none). 
 
 Figure 3. A box plot of the d34S values of black rat whiskers from times of nestling 
exposure (denoted as nestling) versus no nestling or seabird exposure (none). 
 Figure 4. A box plot of the d15N values of black rat whiskers from times of nestling 
exposure (denoted as nestling) versus no nestling or seabird exposure (none).  
 
 
Figure 5. A scatter graph of d15N values for black rat whiskers throughout the year 
(2016-2017), with a LOESS line (lambda = 0.004487). The sum of squares error is 67.41. 
The filled in circles represent black rats in the presence of fledglings and the open circles 
represent black rats with no exposure to fledglings.  
 The mean (std dev) d15N and d13C for Newell’s shearwater muscle were 9.51 ‰ 
(1.11) and -17.14 (0.17) ‰, respectively. The mean (std dev) d15N and d13C for Hawaiian 
petrel’s muscle were 11.00 ‰ (0.46) and -18.18 ‰ (0.30), respectively.  
I created a mixing model in order to examine the percent marine diet of rats, using 
the d13C values, during the nestling versus non-nestling periods: 
 
% Marine=(d13C[rat] -d13C[terrestrial + TDF] )/(d13C[marine + TDF] - d13C[terrestrial 
+ TDF]) 
 
 The mixing model equation was created according to Post 2002. The TDF, trophic 
discrimination factor, was valued at 1 (Hobson 1999).  The terrestrial d13C value was 
based off of the orchid d13C mean. Also, the marine d13C value was based off of the 
mean d13C of the Hawaiian petrels and Newell’s shearwaters.   This method created 
unrealistic results that suggested that during the non-nesting season seabirds comprised 
approximately 50% of an individual rat diet.  As an alternative I created a mixing model 
using non-breeding season rats as the terrestrial baseline.  
 
% Marine =(d13C[rat] -d13C[Non-nesting season rat]  )/(d13C[Marine] - d13C[Non-
nesting season rat]) 
 
This method gave more realistic results, accounts for inputs of marine nutrients 
during the non-breeding season and allows for an estimate of model error. The mixing 
model estimates that the black rats are consuming between 0 to 40% seabird during the 
nestling period. However, there is an estimated error of about 20% (i.e. rats present in the 
non-nestling period are estimated to consume up to ca. 20% seabird, even though 
seabirds are absent from the site) (Figure 6).  
 
Figure 6. The mixing model shows the percent of marine diet in black rats based on d13C 
values in  the nestling and non-nestling periods.  
 
 
 
Discussion 
The comparison of isotope data from seabirds, green coffee beans, and orchids 
with those from the black rat is informative (Figure 7). The black rats are located higher 
on the d13C scale than the orchids and green coffee beans, giving evidence that the black 
rats have some sort of marine derived nutrients in their diet. However, the mean d13C 
values are not significantly different between the nestling period and non-nestling period. 
Hence, the rats’ high d13C values could reflect indirectly derived marine nutrients. As 
discussed before, this means that the black rats could have possibly consumed an 
organism that was affected by a product of the seabirds. Notably, d15N shifted after the 
nestling period of the seabirds, indicating some seasonal shift in diet (Figures 4, 5, and 
7). However, d15N values of the black rats vary greatly within the non-nestling period, 
ranging from 5.88 ‰ to -1.3 ‰, while the nestling period ranges from 5.78 ‰ to 1.2 ‰. 
In other words, some individual rats from the non-nestling periods are able to reach d15N 
values just as high as rats during the nestling period. This could indicate further that 
during the non-nestling period, some black rats have access to marine-derived nutrients.  
The seasonal shift in d15N could reflect a seasonally derived dietary shift. This 
shift could be related to the wet and dry seasons of Hawaii. The dry season occurs from 
May to October while the wet season occurs from November to March (Chu 2005). 
According to KESRP, seabirds are present on Kauai from April to December, which is 
mainly during the dry season of the island. The rats’ shift of d15N could therefore be 
partially driven by the shift to the wet season, when more resources may be available for 
the rats.  If these resources tend to be from lower trophic level (e.g. fruits and seeds), they 
could decrease rats’ average trophic level and therefore, their d15N values. 
 
 Figure 7. A scatter plot of the d15N vs d13C values of black rat whiskers when compared 
with orchids, green coffee beans, Newell’s shearwaters, and Hawaiian petrels on Kauai.  
  
It is also important to examine the mixing model results (Figure 6). The mixing 
model shows the percent marine-derived diet during the nestling versus non-nestling 
periods. During the nestling period, there are two rats that have the highest probability of 
consuming seabirds. These two rats are most likely eating between 30-40% seabirds. 
However, there is an error of about 20% in our model. Therefore, technically the two 
black rats could be eating as low as 10% seabirds and as high as 60% seabirds. To further 
refine the estimates of seabird consumption by Kauai black rats, future mixing models 
should incorporate estimates of isotopic variance within terrestrial and marine prey. 
With my data, it is evident that the incidence of seabird predation by black rats is 
low at my study sites, or potentially, seabirds represent such a small proportion of the 
average black rat’s diet as to be largely undetectable using stable isotopes. Throughout 
the year when there are nestlings present versus when there are not nestlings present, the 
black rats only vary significantly in their d15Nvalue. The black rats do not show a 
significant shift in carbon or sulfur isotopes. The Kauai Island Endangered Seabird 
Recovery Program has recorded some predation by black rats on seabirds by cameras 
distributed around the island. However, the isotope data collected in this study provides 
evidence that the seabirds are not the primary nutrient source for black rats even with a 
heightened population of seabirds during nestling periods of the year. 
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